Object. The anatomical evolution and clinical outcome of completely coiled intracranial aneurysms after endovascular embolization have rarely been studied separately. From their prospective database, the authors reviewed follow-up angiography and clinical outcome of 87 patients whose aneurysms were designated as 100% obliterated on immediate postembolization angiography.
T he risk of rebleeding from a ruptured intracranial aneurysm after endovascular coil placement appears to be higher than that after surgical clip application, which could be related to the completeness of initial embolization and/or postembolization recanalization of the aneurysm. 2, 17 Considering that the goal of intracranial aneurysm treatment is eliminating or reducing the future risk of bleeding or rebleeding from the target aneurysm, the technical end point of endovascular treatment of an aneurysm has always been set as complete obliteration of an aneurysm from the parent circulation as noted on postembolization angiograms. 7, 15, 23 There have been many reports on the long-term clinical and angiographic outcomes of endovascular coil embolization; however, outcomes of aneurysms that have been completely treated have rarely been described as a separate category. 7, 15, 18, 20, 23 In this study, we evaluated the long-term clinical and angiographic outcomes of the aneurysms that were noted to be completely embolized with detachable coils on immediate postembolization angiography.
Clinical and angiographic long-term follow-up of completely coiled intracranial aneurysms using endovascular technique
Methods

Patient Population
This study was approved by the institutional review board. The clinical and angiographic data were obtained from our prospective intracranial aneurysm database. Between October 1992 and June 2005, 333 intracranial aneurysms in 320 patients were treated with endovascular coil embolization at 1 institution (Toronto Western Hospital). Among them, complete (100%) angiographic obliteration of the aneurysm on immediate postembolization angiography was accomplished in 105 aneurysms (31.5%) in 101 patients. Eighty-seven (86.1% [91 aneurysms]) of these 101 patients with available follow-up angiography and clinical outcome data were included in this study. There were 55 females and 32 males; the patient age at the time of embolization ranged from 14 to 78 years (mean 50.1 years). Fifty-six (64.4%) of the 87 patients had acute SAH and the remaining 31 patients (35.6%) had unruptured aneurysms. Patients who presented with acute SAH were graded at admission according to the Hunt and Hess scale; 25 patients (44.6%) had Grade I SAH, 12 (21.4%) had Grade II, 13 (23.2%) had Grade III, 5 (8.9%) had Grade IV, and 1 (1.8%) had Grade V SAH.
Endovascular Treatment
All endovascular detachable coil embolizations were performed after induction of general anesthesia, and systemic anticoagulation with heparin was given to keep the activated clotting time between 250 and 300 seconds. Various platinum coils were used including Guglielmi detachable coils (Boston Scientific Neurovascular), Micrus microcoils (Micrus Corp.), MicroPlex coils (Microvention), and the TruFill Detachable Coil System (Cordis, Johnson & Johnson). The Matrix coils (Boston Scientific Neurovascular) were also used in 15 procedures and HydroCoils (Microvention) in 8. In 7 procedures, only Matrix coils were used. The balloon remodeling technique was performed in 8 procedures, and stent-assisted coiling was performed in 7. In cases of stent-assisted coiling, we gave the patient 81 mg of aspirin and 75 mg of Plavix (clopidogrel) per day for 3 days before the procedure. If a patient could not receive ≥ 3 days of double antiplatelet premedications, we gave a 1-time dosage of 325 mg aspirin and 375 mg Plavix before the procedure. After the stent-assisted coiling procedure, we maintained an intravenous heparin drip for up to 24 hours, and the target activated partial thromboplastin time was 1.5-2.5 times the mean of the normal range (target activated partial thromboplastin time 65-90 seconds). The patients were given 81 mg aspirin and 75 mg Plavix per day for ≥ 8-9 weeks after the procedure.
Angiographic Evaluation
For follow-up angiographic evaluation, DS angiography (65 studies), MR angiography (99 studies), or both (9 studies) were performed. Follow-up imaging studies were performed at 3 or 6 months and 12 months after the treatment, and then every 1 or 2 years. For DS angiography, multiple projections with 3D rotating angiography were obtained to evaluate whether there was any contrast filling in the aneurysm. The MR angiography examinations were performed using the ATECO 3D Gd-enhanced technique, which has been previously described. 4 Each patient underwent 1-6 follow-up imaging studies (mean 2.0 imaging studies). The latest imaging follow-up periods after endovascular treatment ranged from 3 to 9.1 years (mean 26.4 months).
Follow-up angiographic findings were assessed and categorized as 1 of the following: stable aneurysm with no recanalization, recanalization with a neck remnant, or recanalization with a body remnant. 22 The largest dome diameter of the aneurysm, neck, and dome-to-neck ratio were calculated based on preembolization catheter angiography. From our database, the largest aneurysm dome diameter was available in all, but the neck size was available in 81 (89.0%) of 91 aneurysms. Based on the measured aneurysm neck size, we categorized aneurysms as small (< 4 mm) or large (≥ 4 mm).
Clinical Evaluations
Clinical outcome was evaluated by the neurovascular team at our aneurysm clinic and/or at the time of followup angiography using the GOS. The initial follow-up clinical examinations were performed 1-6 months after treatment and then were repeated yearly thereafter. The mean follow-up period was 34.3 months (range 3 months-9.1 years). Hemorrhagic events including rupture of unruptured aneurysms and rebleeding episodes from ruptured aneurysms during the follow-up period were recorded.
Statistical Analysis
Statistical analysis was performed using the standard chi-square test or Fisher exact test. The recanalization rate was correlated with clinical presentation (ruptured vs unruptured), the largest aneurysm diameter, aneurysm neck size and dome-to-neck ratio, aneurysm location (bifurcation vs nonbifurcation), and use of special techniques. The Wilcoxon rank-sum test was used to compare the largest aneurysm diameter, aneurysm neck size, and dome-to-neck ratio between the stable and recanalized aneurysms. A probability value < 0.05 was considered statistically significant. Mean values are presented as the means ± SDs.
Results
Characteristics of Completely Coiled Aneurysms
Fifty-eight (63.7%) of the 91 aneurysms were located in the anterior circulation. The most common location was the ACoA (26 [28.6%]), followed by the BA bifurcation (22 [24.2%] ) and posterior communicating artery (14 [15.4%]) ( Table 1) .
The largest diameter of the aneurysms ranged from 2.5 to 19 mm (mean 7.0 ± 3.1 mm); 24 (26.4%) were < 5 mm, 50 (54.9%) were between 5 and 10 mm, 16 (17.6%) were between 10 and 15 mm, and 1 (1.1%) was ≥ 15 mm. The neck size and dome-to-neck ratio of the aneurysms ranged from 1.2 to 5.9 mm (mean 3.4 ± 1.0 mm) and 1.0 to 5.0 (mean 2.2 ± 0.9), respectively ( Table 2) .
Follow-Up Angiographic Analysis
During the follow-up periods, 24 (26.4%) of the 91 aneurysms demonstrated various degrees of recanalization. There were 16 aneurysms (17.6%) with neck remnants and 8 (8.8%) with body remnants (Table 1) . Among the 24 recanalized aneurysms, 18 (75%) were recanalized at the first follow-up study (mean follow-up duration 8.4 months), 4 (16.7%) were recanalized at the second (mean follow-up duration 29.8 months), and 2 (8.3%) were recanalized at the third or later follow-up study (mean follow-up duration 40.5 months). In 14 of the 24 recanalized aneurysms, 1 or more follow-up imaging was performed after the demonstration of recanalization. Among them, 9 aneurysms were stable (64.3%) in the degree of recanalization, but 5 (36.7%) showed progression in the degree of recanalization on the further follow-up studies.
Except for distal anterior cerebral artery aneurysms, which were limited in regard to case numbers, the recanalization of the aneurysms was most common in the MCA bifurcation (3 
Recanalized Versus Nonrecanalized Aneurysms
The largest diameter of the recanalized aneurysms (mean 7.2 ± 2.7 mm, range 3.5-12.0 mm) was similar to that of the nonrecanalized aneurysms (mean 6.7 ± 3.0 mm, range 2.5-19 mm). The mean neck size and the dome-to-neck ratio of the recanalized aneurysms were 3.9 ± 1.0 mm (range 1.5-5.8 mm) and 2.0 ± 0.6 (range 1.0-3.4), respectively. In nonrecanalized aneurysms, the mean neck size and the dome-to-neck ratio were 3.2 ± 1.0 mm (range 1.2-5.9 mm) and 2.1 ± 0.9 (range 1.2-5.0), respectively ( Table 2 ). The neck size of the recanalized aneurysms was larger than that of the nonrecanalized aneurysms (p = 0.006), but there was no statistically significant difference in the longest diameter (p = 0.330) and the dome-to-neck ratio (p = 0.542) between the recanalized and the nonrecanalized aneurysms.
Predisposing Factors for Recanalization of Completely Treated Aneurysms
Clinical Presentation. Sixteen (28.6%) of 56 ruptured aneurysms and 8 (22.9%) of 35 unruptured aneurysms showed recanalization (Table 3 ). There was no statistically significant difference in the recanalization rates between the ruptured and unruptured aneurysms (p = 0.547). Aneurysm Location. Recanalization was observed in 15 (25.9%) of 58 anterior circulation aneurysms and 9 (27.3%) of 33 posterior circulation aneurysms. There was no statistically significant difference in the recanalization rates between the anterior and posterior circulation aneurysms. Aneurysms located at the anatomical bifurcations such as the ICA termination, MCA bifurcation, and basilar tip showed a higher recanalization tendency than those in nonbifurcation locations (39.3 vs 20.6%) ( Table  3) ; however, there was no statistically significant difference (p = 0.062).
Largest Aneurysm Diameter, Neck Size, and Dometo-Neck Ratio. Among the largest aneurysm diameter, neck size, and dome-to-neck ratio, the only parameter that showed increasing the risk of recanalization was the aneurysm neck size (Table 3) . Recanalization was observed in 15.5% of the aneurysms with small necks (< 4 mm) and in 47.8% of the aneurysms with large necks (≥ 4 mm) (Fig. 1) , which demonstrated statistically significant differences in recanalization rates (p = 0.002).
Use of Special Techniques. Use of Matrix coils, HydroCoils, and balloon remodeling and stent-assisted techniques did not influence the recanalization rate of the aneurysms (Table 4) .
Clinical Outcome
There was no bleeding from unruptured aneurysms or rebleeding from ruptured aneurysms during the follow-up period.
At the latest clinical evaluation, 81 (93.1%) of the 87 patients showed good recovery (GOS Score 5), 3 (3.4%) had moderate disability (GOS Score 4), and 1 (1.1%) had severe disability (GOS Score 3). There were 2 deaths (2.3%), which were not related to embolization procedure-one was due to liver failure and the other to brainstem hemorrhage. (Table 5) . Of the 31 patients who had an unruptured aneurysm, good recovery (GOS Score 5), moderate disability (GOS Score 4), and death (GOS Score 1) were seen in 87% (27 patients), 9.4% (3 patients), and 3.2% (1 patient), respectively (Table 6) .
Procedure-related adverse events occurred in 12 (13.8%) of 87 patients, including 7 angiographic thromboembolic events (8.0%) and 5 intraprocedural aneurysm ruptures (5.7%). Among 12 procedure-related adverse events, 2 patients were left with permanent neurological disability (2.3%); 1 patient with angiographic thromboembolic events during the procedure was left with homonymous hemianopia and another patient with intraprocedural aneurysmal rupture was left with permanent cranial nerve III palsy. There was no procedure-related death.
Discussion
In our study, aneurysms completely treated by endovascular coil embolization showed a very favorable clinical outcome with acceptable procedure-related morbidity and mortality rates. There was no bleeding or rebleeding after the embolization procedure. Good clinical out- Angiographically demonstrated complete obliteration of an aneurysm sac after endovascular coil embolization does not mean that the aneurysm sac is completely filled with coils. Computer-assisted analysis of the aneurysm volume and introduced coil mass revealed that the coil mass did not exceed 30% of aneurysm sac volume despite complete packing on angiography. 10 Therefore, even in cases of complete packing, some degree of coil compaction is inevitable.
The reported recanalization rates of completely packed aneurysms were quite variable, ranging from 0 to 42%. 3, [7] [8] [9] [10] 12, 15, [18] [19] [20] 22, 23 Our results showed a 26.4% recanalization rate. The percentage of aneurysm sac obliteration after endovascular coil embolization is subjective and is usually determined by arbitrary angiographic interpretation. Therefore, the wide ranges of recanalization rates are understandable. Complex 3D configuration of the aneurysm sac, differences in magnification, and projection angle on follow-up angiography, and use of different follow-up imaging modalities (MR angiography vs DS angiography) are also potential sources of interpretation error especially to determine interval changes. In addition, the goal of coil embolization in terms of the degree of coil packing varies from institution to institution. For example, some teams including ours usually stop introducing coils at the point at which they have achieved angiographically confirmed complete obliteration of the aneurysm sac; 6, 18 however, others have tried to pack the aneurysm sac as densely as possible even after angiographic complete obliteration of the aneurysm sac. 7, 23 Therefore, although postembolization angiography showed the same finding (no angiographic evidence of aneurysm filling), the actual packing density of the coiled aneurysm may differ in each study.
Recanalization of the intracranial aneurysms treated with detachable coils depends on various factors including the aneurysm size, neck width, aneurysm location, history of rupture, and immediate postembolization angiographic results. 3, 8, 15, 18, 20, 22, 23 Previous studies have shown that recanalization was more common in large and wide neck aneurysms. 20, 24, 25 However, in our study, only the neck size was statistically significant. This could be related to the characteristics of the study population. Large and giant aneurysms are in general more difficult to completely obliterate with endovascular coiling than small aneurysms, 7, 12, 15, 22, 24, 25 and since our study only included completely coiled aneurysms, the percentage of large aneurysms (18.7%) was less than those of other studies.
It has been reported that the bifurcation or termination aneurysms show higher recanalization rate than those of other locations, and these results suggest that the aneurysm location and the hemodynamic stress might be closely related to the risk of recanalization. 24 In our series, 75% of completely packed MCA bifurcation aneurysms and 36.4% of BA bifurcation aneurysms developed recanalization on follow-up studies, and the aneurysms in the bifurcation (ICA termination, and MCA and BA bifurcations) showed higher recanalization rate than those in other locations (39.3 vs 20.6%), but it was not statistically significant (p = 0.062). This could be because of our relatively small number of patients. However, it may suggest hemodynamic stress alone may not be the most important factor for developing recanalization of coiled aneurysm.
To increase the success rate and decrease the recanalization rate of endovascular coiling, various surface-modified coils (Matrix coil and HydroCoil) and devices (balloon and stent) have been developed and used. 11, 14 In our study, use of these coils and devices did not show any statistically significant differences in recanalization rates. Although the aneurysms treated with HydroCoils and stents showed less recanalization rate than those of other groups (12.5 vs 27.7% and 14.3 vs 27.4%, respectively), it was not statistically significant. These results could be because there was not enough statistical power to detect the differences mainly due to the relatively small number of analyzed aneurysms. Therefore, larger studies are needed to address the effect of modified coils or assist devices to postcoiling recanalization rates. Although completely coiled aneurysms showed a high recanalization rate (26.4%), there was no bleeding episode during the followup periods in our series. The reported risks of rebleeding or hemorrhagic event from the aneurysms treated with coil embolization ranged from 0 to 5.3%. 2,3,7-9,12,15,17-21,23, However, when an aneurysm is completely coiled, a rebleeding episode has rarely been reported. 1 Therefore, considering the results of the previous studies and ours, when a completely coiled aneurysm is seen on angiography obtained immediately after the procedure, the bleeding risk of that aneurysm must be extremely low.
Since most of aneurysm recanalization occurred on the first follow-up study (75% in a mean follow-up period of 8.4 months) and there were late recanalization of the completely obliterated aneurysms (8.3% in mean followup period of 40.5 months), we suggest that the first followup study should occur ~ 6 months after the procedure and then annually for ≥ 4 years.
There are some limitations in our study. First, traditionally DS angiography has been regarded as the gold standard for the follow-up of the aneurysms treated with coil embolization. Many of our patients underwent Gdenhanced MR angiography as the only imaging followup. In our study, MR angiography was performed using the ATECO technique, which is more accurate than time of flight MR angiography.
5 In 9 cases, DS angiography and ATECO MR angiography were performed simultaneously and the findings were similar. According to the recent studies, MR angiography is comparable to DS angiography for the follow-up of the aneurysms after endovascular treatment. 13, 16, 26 Therefore, we think that the use of MR angiography as a follow-up study did not affect our results. Moreover, since DS angiography is an invasive procedure with potential procedure-related risks and the need of multiple imaging follow-up studies for patients after embolization, we believe that the ATECO MR angiography is the preferred follow-up imaging modality. The second limitation of this study is that the packing density of the coils to aneurysm volume was not evaluated, and it could be an important factor for the stability of an aneurysm treated with detachable coils. However, accurate calculation of the packing density is not easy in many cases because aneurysms are often irregular and have a complex shape in their 3D configuration. The third limitation is that some patients did not undergo long-term follow-up imaging. Late recanalization occurred in 25% of the recanalized aneurysms with a mean follow-up of 29.8 months. In our series, the mean follow-up period was 26.4 months, and the mean number of follow-up studies was 2.0. Only 1 follow-up imaging study was obtained in 36 patients (41.4%). Thus, further study with longer follow-up imaging studies would be necessary to clarify the risk of recanalization after complete coiling of an aneurysm.
Conclusions
Complete obliteration of the aneurysm sac with endovascular techniques can be performed with low procedure-related risks. Completely coiled aneurysms rarely bleed or rebleed, but they do have a relatively high rate of recanalization. 
